Use of black soldier fly (Hermetia illucens (L.), Diptera: Stratiomyidae) larvae (BSFL) is among the solutions being explored to shift the value chain in organic waste management by producing valuable products. Although BSFL consume a range of substrates, nutrient-imbalanced materials with high hemicellulose and lignin content, e.g. manure and banana peel, yield low conversion into larval biomass. This study explored pre-treatment methods to improve the nutrient composition and digestibility of banana peel to achieve higher substrate conversion into BSFL biomass. The pre-treatment methods evaluated were microbial, chemical (non-protein nitrogen), heat-based, and combinations of these. All pre-treatments tested except heating resulted in more efficient BSFL conversion in terms of final larvae weight. The low BSFL responses in pre-treatments were caused by the observed high amounts of tannins and phenolic compounds mainly from the heating pre-treatment. Waste to biomass conversion ratio correlated negatively with substrate volatile solids (VS) and positively with the decrease in VS in pre-treatment. Microbial À 14 days pre-treatments provided the optimum pre-treatment time for the microorganisms to achieve maximum degradation of the substrates, facilitating larval assimilation of the released nutrients. Rhizopus oligosporus-14 days and ammonia + Rhizopus resulted in the most efficient BSFL treatment, measured as protein produced per kg incoming material.
Introduction
Population growth and urbanisation is expected to increase municipal solid waste generation to 2.2 billion tonnes by 2025 and predicted to affect low-and middle-income countries (LMIC) most, due to unsustainable waste management practices . Solid waste management in most LMIC involves open dumping and burning (WorldBank, 2018) . Municipal solid waste in those countries contains a mixture of plastics (<13%), metals (<4%), paper (<9%), glass (<4%) and more than 50% organic waste (Hoornweg and Perinaz, 2012) . Solid waste dumped at landfill undergoes sorting by waste pickers, who remove a large proportion of the non-organic waste leaving high proportions of biodegradable organic waste (Komakech et al., 2014) . Open burning is a source of dangerous carcinogenic gases and of black carbon, a short-lived climate pollutant (CCAC, 2015) . Open dumping of waste allows biodegradable materials to decompose under unhygienic conditions leading to accumulation of greenhouse gases causing climate change (Cogut, 2016) . The dumped waste attracts insects and rodent vectors that spread diseases such as cholera and malaria (Chowdhury et al., 2017) . Untreated leachate from the decomposing dumped waste contaminate surface and groundwater supplies (Nagarajan et al., 2012) .
Besides mixed municipal solid waste, homogeneous organic solid waste is generated by agricultural and industrial activities in LMIC during agricultural harvests and agro-industrial processes comprising stems, stalks, peel, seeds and pulp (Krishna and Chandrasekaran, 1996) . For instance banana, belonging to the family Musaceae and genus Musa, is a crop grown in 120 countries throughout the world (Byarugaba-Bazirake, 2008). Tanzania contribute large quantities of bananas grown in Africa while generating around 60 tonnes ha À1 of banana-related organic solid waste per harvest (Tock et al., 2010; Emmanuel et al., 2014) . Banana is a source of staple food and cash crop, and its juice is used commercially to produce alcoholic drinks (Carter et al., 2010) . Banana waste from harvesting consists of stems and leaves, while banana https://doi.org/10.1016/j.wasman.2019.09.017 0956-053X/Ó 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). waste from industrial production of e.g. banana crisps, banana juice and wine consists of peel and pulp, and both types are normally dumped in landfill, rivers or unregulated dumping grounds (Osma et al., 2007) . There is also a growing industry of mass production of clear banana juice (Kibazohi et al., 2017) . This creates an extra need for sustainable management systems to utilise the nutrients from the banana waste.
Use of insects for treatment of organic wastes is gaining increasing interest, as it uses organic solid wastes as a resource to produce valuable products (Č ičková et al., 2015) . Use of BSFL for organic waste treatment has the potential to add value to non-utilised organic wastes and also to act as an additional income generator for waste managers (Lohri et al., 2017) . This technology converts organic waste efficiently and rapidly into protein-rich (40% dry matter (DM) and fat-rich (30% DM) larvae suitable for use in animal feed (Newton et al., 1977; St-Hilaire et al., 2007; Stamer, 2015) and biodiesel production Zheng et al., 2011) , while the treatment residue is valuable fertiliser (Sheppard et al., 1994; Setti et al., 2019) . BSFL can be reared on different substrates, including animal manures (Sheppard et al., 1994; Myers et al., 2008; Zhou et al., 2013) pig liver, fish rendering waste and fruit waste (Nguyen et al., 2013) , human excreta (Lalander et al., 2013; Banks et al., 2014) and food waste (Diener et al., 2011; Nguyen et al., 2015) . Previous studies revealed that BSFL growth and waste conversion into biomass depend on the type, quantity and quality/nutrient composition of the substrate (Myers et al., 2008; Nguyen et al., 2013; Nyakeri et al., 2017; Gold et al., 2018; Meneguz et al., 2018) . On substrates with imbalanced amounts of nutritional substances such as protein, fats and fibre, BSFL grow at a slower rate and achieve lower body weight (Nyakeri et al., 2017) . Food substrates with a low protein to carbon ratio, high amounts of fat and fibre have also been shown to inhibit BSFL growth rate and biomass yield because of poor digestibility and low nutrient utilisation (Tomberlin et al., 2009; Tschirner and Simon, 2015; Lalander et al., 2019) . Growth is particularly poor on homogeneous wastes with a high hemicellulose and lignin content, such as dairy manure and banana peel (Nyakeri et al., 2017; Rehman et al., 2017a; Kumar et al., 2018) .
A few studies have been conducted on methods to improve the biodegradability/digestibility of substrate in order to increase conversion by BSFL Li et al., 2015; Rehman et al., 2017b) . One suggested method is to improve the nutrient balance by mixing waste with other substrates, e.g. rice straw with glucose and restaurant waste (Zheng et al., 2012; Li et al., 2015) or dairy manure with soybean curd residue (Rehman et al., 2017b) . Another suggested method involves addition of microorganisms to the substrate, to improve the conversion efficiency and degradation of cellulose and hemicellulose, especially in homogeneous wastes such as poultry manure . A combination of these two methods can also be applied, e.g. microbe treatment together with mixing restaurant waste and rice straw (Zheng et al., 2012) . However, due to the high lignin-cellulose content in rice straw, using this as a cosubstrate has been found to produce small final BSFL weight compared with using other organic wastes rich in protein and lipids (Zheng et al., 2012; Li et al., 2015; Manurung et al., 2016) . There is thus a need to identify inexpensive, simple and effective techniques to enable treatment of homogeneous and fibrous wastes with BSFL.
The main aim of this study was to explore the possibility of improving BSFL conversion of banana peel by using a pretreatment method. Specific objectives were to: a. Evaluate the efficiency of BSFL in degrading banana peel waste pre-treated with heat, ammonia or microorganisms. b. Identify the nutritional parameters that affect BSFL treatment efficiency.
Materials and methods
2.1. Material and preparation 2.1.1. BSFL The BSFL used in this study were obtained from a colony that has been in operation since 2015 at the Department of Energy and Technology, SLU. The BSFL were reared on chicken feed (Granngården Hönsfoder Start, metabolisable energy content of 11.2 MJ kg À1 , 80% moisture) for around 5 d. They were then transferred to the banana peel substrates and pre-treatments described below.
Banana peel
Banana peel used in this study were of two types: 1) Peel from Musa acuminata, Cavendish bananas, referred to in this paper as dessert peel; and 2) peel from ripe Pisang Awak bananas used specifically for juice production, referred to as juice peel. The dessert peel was collected every day in plastic bags at the Swedish University of Agricultural Sciences (SLU) campus in Uppsala, Sweden. The juice bananas were bought in Mabibo market, Dar es Salaam, Tanzania, and transported to SLU, where it was separated from edible flesh. The banana peel wastes collected were kept in the fridge and homogenised using a blender (Robot Coupe Blixer 4 V). They were then portioned and frozen at À20°C until use.
Pre-treated banana peel
Only the dessert peel was used in the pre-treatments of banana peel as this was the only banana peel we found in Sweden where the study took place. The pre-treatment methods tested are shown in Table 1 . In all experiments, after the defined pre-treatment period the pre-treated peel was mixed well, weighed, portioned into small daily feeding portions and frozen at À20°C until use.
Chemicals
The chemical tested as pre-treatment was 24% technical ammonia (aq) (Nitor, Sweden) and analytical grade concentrated sulphuric acid (Fisher Chemicals, Uppsala, Sweden) was used for neutralising the pH after the pre-treatment period.
All chemicals and reagents used in the nutrient analyses were of analytical grade and were purchased from Sigma-Aldrich (Steinheim, Germany). These were: 80% ethanol, 1% methanol, 7.5% sodium hydrogen carbonate, chloroform, D-glucose, anthrone reagent, Folin-Denis reagent, tannic acid, diethyl ether, 1.25% sulphuric acid, 1.25% sodium hydroxide, Folin-Ciocalteau reagent, gallic acid, sodium potassium tartrate (Rochelle salt), Kjeldahl tablets, concentrated sulphuric acid (NH 3 -free grade), sodium salicylate, sodium nitroprusside and 0.15% sodium hypochlorite solution.
Microorganisms
Isolation of BSFL gut bacteria: Instar 5 BSFL (reared on food waste) were collected and washed with deionised water, followed by rinsing with ethanol (70% EtOH). The disinfected larvae were manually chopped into pieces and immersed (4 larvae) in 10 mL unselective microbial nutrient broth (National Veterinary Institute, Uppsala, Sweden) at 70°C for 20 min. Upon cooling to room temperature (RT), 1 mL broth was spread on taurocholate gelatine agar (TGA) (Miclev, Sweden) plates (£ 14 cm) and incubated at 37°C for 24 h. Ten visually different colonies were clean-spread on individual TGA plates and incubated at 37°C for 24 h. Single individual colonies were then taken and heat-treated (70°C, 20 min) once more in unselective nutrient broth (as described above). Upon reaching RT, 10 mL of broth were spread onto a TGA plate and incubated at 37°C for 24 h. Once again, single colonies were collected from each plate, clean-spread on TGA plates and incubated at 37°C for 24 h. The clean-spread colonies were kept at 4°C until use. In total, 10 visually different bacterial colonies were observed. No bacterial typing was performed for the isolated bacteria. Before use, one colony from each clean-spread plate was added to 10 mL unselective bacterial nutrient broth and incubated at 37°C for 24 h. A mixture of bacteria isolated from the BSFL gut was used in this study (Lundgren, 2019) .
The fungi used in pre-treatment were Trichoderma reesei and Rhizopus oligosporus, obtained from the Department of Molecular Sciences, SLU. Both were pre-cultured on malt extract agar (MEA) at 28°C for 7 d. The spores were harvested by pouring sterile 0.9% NaCl onto the MEA plates to wet the mycelium, inoculation loop removed mycelium from the agar surface. The spore suspension was transferred to a 50 mL centrifuge tube and diluted with 0.9% NaCl to 50 mL. The suspension was kept at 3-6°C until use.
Experimental set-up
The study comprised six experiments (Table 1 ). The first experiment involved feeding the larvae with non-pre-treated dessert and juice peel, while the remaining five experiments involved feeding the larvae with dessert peel that had undergone one pretreatment (Experiments 2-4) or two pre-treatments (Experiments 5-6) prior to BSFL composting.
Experiment 1 -No pre-treatment
The first experiment involved feeding the BSFL with dessert peel and juice peel to evaluate the effect of different banana peel types on BSFL growth.
Experiment 2 -Microbial pre-treatment
The second experiment aiming to make the nutrients in waste more available to the BSFL, evaluated the effect of microbial pretreatment for different periods. Fungi, e.g. Trichoderma spp., have been demonstrated to facilitate composting, as they break down complex compounds like fibre into forms more available to other microorganisms (Haddadin et al., 2009) . It was also demonstrated that solid-state fermentation with Trichoderma reesei increases the digestibility of banana peel to monogastric animals (Katongole et al., 2017) . In this study, fungal species (Trichoderma reesei or Rhizopus oligosporus) or BSFL gut bacteria were seeded amounting to 1% (w/w) of dessert peel waste. The inoculated wastes were left for 7 d, 14 d and 21 d at 28°C. The concentration of the each inoculation added was not measured but it approximated to 1.45 Â 10 9 cells/mL.
Experiment 3 -Chemical pre-treatment
This experiment evaluated the effect of chemical treatment by addition of non-protein nitrogen to the peel. This was done to balance the carbon-nitrogen ratio, because BSFL gut microorganisms can probably utilise and convert non-protein nitrogen into proteins, as can other animals like ruminants (Amha, 2015) . Ammonia solution with a concentration of 24.5% was added to dessert peel waste. Two different amounts of ammonia solution were tested, 0.8% and 1%, the former based on estimated amount of nitrogen and fibre in the dessert peel and the latter calculated as 4% (w/ w) ammonia solution per wet weight of dessert peel. The peel pre-treated with ammonia solution was left to stand for 7 d at 28°C. The pH of the substrate was then neutralised to pH 7 by addition of 95% concentrated sulphuric acid.
Experiment 4 -Heating
The fourth experiment evaluated the effect of heat pretreatment of dessert peel prior to BSFL composting. The peel was heated at 120°C under 2 bar for 1 h. The hypothesis was that heating would degrade macromolecules in the peel, such as fibrebound polyphenols, to enhance availability of micronutrients for easy extraction and utilisation for growth by the BSFL.
Experiment 5 -Combined chemical and microbial pre-treatment
This set of experiments assessed the effect of addition of nonprotein nitrogen followed by microbial pre-treatment prior to BSFL Table 1 Summary of the banana peel wastes used and the pre-treatments tested.
Experiment
Banana peel type Code Pre-treatment 1 Pre-treatment 2 Treatment Conditions Treatment Conditions
Rhizopus oligosporus composting. Ammonia (0.8%) solution was added to dessert peel as described in Experiment 3. The treated waste was left to stand at 28°C for 7 d, and then the pH was neutralised using concentrated sulphuric acid as described for Experiment 3, but with further addition of 1% (w/w) of the selected inoculate and left at 28°C for 7 d. Hence the combined pre-treatment lasted a total of 14 d.
2.2.6. Experiment 6 -Heating and microbial pre-treatment The sixth experiment examined the effect of combined heating and microbial pre-treatment of dessert peel. The heated peel (Experiment 4) was seeded with 1% (w/w) of the selected inoculate (Trichoderma reesei / Rhizopus oligosporus / BSFL gut bacteria) and left at 28°C for 7 d before BSFL composting.
BSFL composting
Composting in this study is defined as the degradation of organic material by BSFL under aerobic conditions for a specific period of time resulting in a larval biomass and compost, nutrient rich-product that can be used as fertilizer (Č ičková et al., 2015; Lalander et al., 2015) . All feeding experiments were conducted in triplicate plastic containers (Smartstore classic 2, 21x17x11 cm 3 ) with plastic lids with a hole covered with netting for air circulation, under the same controlled environment of 28°C for 1 month. For feeding experiment, 200 larvae < 2 mm (around 10 d old) were added to each box, giving a density of 0.6 larvae cm À2 . The larvae were fed with the substrates every second or third day, at a feeding rate of 40 mg dry matter (DM) larva À1 d À1 . The substrate portions were thawed and brought to room temperature before feeding. Growth of the larvae was monitored three days per week by weighing 10 randomly selected larvae. The larvae were then rinsed with water, dried on paper and placed back into the appropriate treatment container.
The BSFL composting units were run for one month to study the growth of BSFL on pre-treated and non-pre-treated banana peel. A sample of the treatment residues was collected once a week for total volatile solids (VS) and pH determination. After sampling, a fresh thawed ration of substrate was added to the containers. After 30 d of feeding, BSFL/Prepupae were manually picked from the residues. The DM and VS content of all harvested biomass of BSFL/prepupae and of treatment residues were determined. For the treatment residues, the pH was also measured.
Physico-chemical and nutrient analyses

Dry matter and total volatile solids
The DM content of weighed samples during the experiments, residues at the end of the experiments and pre-pupae was determined by drying the measured biomass at 85°C for 48 h in a laboratory termaks oven. For VS measurements, the dried samples were heated to 200°C for 2 h, to prevent sample losses due to heating directly at very high temperatures, and then heated to 550°C for 4 h.
pH
The pH of the feed substrates was determined using an InoLab Laboratory pH meter. For this, 10 g sample were placed in a 50 mL centrifuge tube, diluted to 50 mL with deionised water and left to stand for 1 h at room temperature before the pH readings.
Nutrient analysis
Nutrient analysis was performed in order to evaluate the nutritional parameters influencing the efficiency of BSFL composting of banana peels. Total nitrogen content was determined using a semimicro Kjeldahl method and indophenol-blue method (Allen et al., 1989) . Total phenolic content was analysed according to the Folin-Ciocalteu method (Singleton et al., 1999) , while soluble carbohydrates were determined using the anthrone method (Allen et al., 1989) . Crude fibre content was analysed according to AOAC methods (AOAC, 1984) , while total lipid content was determined using a chloroform-methanol mixture (Bligh and Dyer, 1959) .
Calculations
To evaluate the efficiency of BSFL composting, material reduction and waste to biomass conversion ratio were calculated.
The percentage material reduction on a VS basis (MR %VS Þ during BSFL composting was calculated as:
where m res and m inflow is the mass, TS% res and TS% inflow is the total solids content, and VS% res and VS% inflow is the total volatile solids content in treatment residues and inflow substrate, respectively. The percentage biomass conversion ratio on a VS basis (BCR %VS Þ was calculated as:
where m pp and m inflow is the mass, TS% pp and TS% inflow is the total solids content, and VS% pp and VS% inflow is the total volatile solids content in pre-pupae and inflow substrate, respectively. The percentage survival rate (SR % Þ of the BSFL was calculated as:
where pp out is the number of larvae that survived to the end of the experiment and BSFL in is the initial number of larvae used in the experiment. Volatile solids consumption (VS con: Þ during pre-treatments was calculated as:
C/N ratio The carbon to nitrogen ration was calculated by dividing the percentage organic carbon by the percentage of total nitrogen on dry matter basis. The the percentage of organic carbon was estimated by dividing the percentage VS by 1.8 (Haug, 1980) .
Statistical analysis
Shapiro test of normality was conducted to verify normality of data. The survival rate was found to be non-normal and was converted into log 10 death rate that was found to be normally distributed (p > 0.05). Analysis of variance (ANOVA) with 95% confidence interval was performed to identify statistically significant differences in treatment response variables between different treatments. When a significant difference was found, Tukey's HSD (honestly significant difference) post-hoc test with 95% confidence interval was performed. Principal component analysis (PCA) was performed to find the variables that mostly contributed to the data variance, while multi-linear regression was used to evaluate the variables selected in the PCA. R statistical software (R Core Team, 2016) was used for statistical analysis and for graphical representation of the data.
All experiments were conducted in triplicate with the exception of the microbial 14-and 21-day pre-treatments, which were planned and performed on single samples. The NH3 0.8 %N + Trich 7d and Heat + Trich 7d were also performed on single samples, because when performed on triplicates had very low survival rate and the experiment were repeated in singlets for verification of previous results. Singlet values were not included in ANOVA analysis, but were included in multi-linear regression analysis. Nutrition analysis were not conducted on all replicates due to lack of material. The nutritional analysis was conducted in order to find the substrate properties that contributed the most to the variance in treatment response values. The values of triplicates and doublets from the nutrition analysis were averaged prior to the multi-regression analysis. The failed NH3 0.8 %N + Trich 7d and Heat + Trich 7d triplicate experiments were not included in the statistical analysis.
Results
Banana peels and properties of pre-treated peel
Dry matter content and VS content differed significantly between juice peel and dessert peel ( Table 2) . Juice peel had a 30% DM content and 97% VS content on DM basis, while dessert peel had a DM content of $13% and a VS content of $85% on a DM basis.
Pre-treatments of dessert peel altered DM content and total VS content. The pre-treatments that resulted in the highest DM content was Heat + Bac 7d (22%). The lowest DM content ($8%) was observed for Heat + Trich 7d and all longer pre-treatments of 14 d and 21 d. Bac 21d resulted in the highest amount of VS ($88%). Pre-treatments resulting in lower VS content (73-78%) were Heat + Bac 7d , Heat + Trich 7d, NH3 0.8 %N + Rhiz 7d and 14 d and 21 d microbial pre-treatments except for Bac 21d which had 88% VS, the highest content. The carbon to nitrogen ratio was different between the two banana peels, juice peel having a higher carbon to nitrogen ratio of 62.6 while dessert peel had 53.8. The carbon to nitrogen ration was altered by the pre-treatments and varied between pre-treatments with heat pre-treatments having 80 as the highest ratio while the non-protein nitrogen pre-treatments having the lowest ratio (13-16). The pH varied greatly among the different pre-treatments. Juice peel had the lowest pH values (around 4), while Trich 21d pre-treatment of dessert peel gave the highest pH, ranging from 8 to 9.
Effect of pre-treatment on the nutrient content of banana peel
The heating pre-treatment and Heat + Bac 7d gave the highest amounts of total phenolic compounds ($3 mg gallic acid equivalents (GA) 100 g À1 extract), while the other pre-treatments gave 1 mg GA 100 g À1 extract (Table 3) . Juice peel had different amounts of phenolic compounds and tannins (>0.1 mg GA 100 g À1 extract, 2% tannins) than dessert peel ($1 mg GA 100 g À1 extract, 0.5% tannins). Trich 14d gave the lowest amount of total phenolic compounds (0.05 mg GA 100 g À1 extract). The heating, Heat + Rhiz 7d and NH3 0.8 %N pre-treatments gave the largest amounts of tannin, >2%.
All the pre-treatments with addition of ammonia solution gave total nitrogen content of >2%, with the exception of NH3 0.8 %N -+ Trich 7d , which had 1% total nitrogenÁNH3 0.8 %N gave the highest amount ($4%), while Rhiz 21d gave the lowest ($0.2%). Soluble carbohydrates, crude fibre and total lipids were not significantly different between the pre-treated and non-pre-treated dessert peel.
BSFL composting efficiency
Without any pre-treatment, BCR %VS (7% VS) and the final larvae weight (134 mg larva À1 ) were higher for BSFL composting of dessert peel than for BSFL composting of juice peel (0.9% VS and 33 mg larva À1 , respectively). The latter were the lowest values observed in all experiments (Table 4) . Table 2 Physico-chemical characteristics of peels before (experiment 1) and after pre-treatments (experiments 2-6). In cases when triplicates were conducted, values are presented as mean (n = 3) ± standard deviation, in other cases the value of the singlet sample is presented. Same letter column wise represent no significant differences (p < 0.05). Only sample conducted in triplicate are included in the statistical comparison. The juice peel were not included in the comparison as no pre-treatment was conducted on these peels.
Dry matter (%)
Total volatile solids (% DM) C/N ratio pH Lowest -Highest 1.9 ± 0.48 0.83 ± 0.02 11.3 ± 1.1 55.6 ± 1.9 2.8 ± 1.9 3.1 ± 1.1 6.5 ± 1.0 Table 4 Process parameters in BSFL composting of peels before (experiment 1) and after pre-treatments (experiments 2-6). In cases when triplicates were conducted, values are presented as mean (n = 3) ± standard deviation, in other cases the value of the singlet sample is presented. Same letter column wise represent no significant differences (p < 0.05).
Only sample conducted in triplicate are included in the statistical comparison. Most of the pre-treatments improved BCR %VS of dessert peel compared with the non-pre-treated peel, except for Rhiz 7d, NH3 0.8%N_14d , NH3 0.8%N + Trich 7d, heat, Heat + Bac 7d and Heat + Rhiz 7d . The Bac 7d, Heat + Rhiz 7d and heat pre-treatments resulted in lower larval weights (<120 mg larva À1 ) and BCR %VS (2-4% VS), with exception of Bac 7d with 8% VS and addition of Heat + Bac 7d with 3% VS. BSFL reared on dessert peel subjected to a combination of microbial and ammonia pre-treatments developed rapidly and weighed more than those reared on non-pre-treated dessert peel, and had a final larval weight >190 mg larva À1 and BCR %VS ranging from 6 to 14% VS. Higher BCR %VS values were achieved with the 14 d long pre-treatments: 12% VS for Trich 14d , 15% VS for Rhiz 14d and 15% VS for Bac 14d , while that for the 7 d and 21 d pretreatments was less than 10% VS. None of the substrate properties measured was found to contribute to the material reduction. Similarly, the survival rate did not change considerably when rearing the larvae on differently pre-treated peel except for NH3 0.8%N -+ Trich 7d where SR % was considerably lower than in the other pretreatments (Table 4 ).
i) The ANOVA analysis was conducted on the log 10 death rate in order to comply with the test requirements of normality.
The PCA results demonstrated that BCR %VS was the only BSFL composting parameter affected by the pre-treatments and that it correlated with the nutritional parameters (Table 5 , Fig. 1 ). Final larval weight, material reduction and survival rate were not affected significantly by the pre-treatments. A correlation between substrate VS and BCR %VS was observed in this study, with the larger the substrate VS, the lower the ratio (Table 5 , Model 1.0). It was also observed that the higher the substrate VS consumption during pre-treatments, the higher the BCR %VS value achieved (model 2.0). The nitrogen-enriched treatments had higher BCR %VS , while the heated samples had lower values. On including both VS consumption during pre-treatments and the nitrogen content (Table 5 , model 2.1), the adjusted R 2 value increased from around 0.3 to over 0.6. The adjusted R 2 value increased to almost 0.8 when the substrate content of tannins was also included (Table 5, model 2.2).
Discussion
BSFL composting efficiency with non-pre-treated banana peel
Although both juice peel and dessert peel were from ripe bananas, they differed in their composition (Tables 2 and 3 ). The differences might have been due to the different varieties/cultivars of bananas, geographical locations and soils at the growing sites, pes-ticides used, degree of ripeness and post-harvest handling. Larvae growth and biomass conversion ratio were much higher on the non-pre-treated dessert peel than on the non-pre-treated juice peel. Previous studies on BSFL composting of banana peel have reported a final larvae weight of 55 mg larva À1 (Nyakeri et al., 2017) . Final weight of the larvae in the present study was lower on juice peel (30 mg larva À1 ) than on dessert peel (134 mg larva À1 ). However, the BCR %VS values obtained for non-pre-treated juice and dessert peel in this study (0.9 and 7.2% VS) were lower than that reported in the previous study (11% VS) (Nyakeri et al., 2017) . The reason for this could be the differences in the banana peel used and in the BSFL composting set-up, as it has been demonstrated that factors such as larval density and larval feeding rates affect process efficiency (Parra Paz et al., 2015) .
Efficiency of BSFL composting with microbial pre-treatments
Microbial pre-treatment of dessert peel yielded larger larvae (>150 mg larva À1 ) than produced on the non-pre-treated dessert peel (134 mg larva À1 ), with the exception of larvae in the pretreatment with Rhiz 21d (190 mg larva À1 ). Trichoderma reesei treatment also improved peel digestibility in monogastric animals (Katongole et al., 2017) . Many types of yeast, bacteria and fungi, when applied to organic waste, produce enzymes that degrade the cellulose (the enzyme cellulase) and tannins (tannase) in the waste (Katongole et al., 2017) . Furthermore, microbial pretreatment is reported to increase the lactic acid bacteria content in banana peel, which when consumed by animals serves as a feed supplement and improves the intestinal microbial balance. According to those authors, the increase in final larvae weight due to microbial pre-treatment of banana peel might be explained by increased digestibility and utilisation of the nutrients in the peel caused by either improved availability or the presence of lactic acid bacteria. Similar microbial effects could explain the improved growth and development of BSFL fed on poultry manure inoculated with bacteria from the gut of BSFL . Comparing the 7 d, 14 d and 21 d microbial pre-treatments in the present study, the impact on biomass conversion ratio suggests that 14 d might be closest to the optimum pre-treatment time for the microorganisms to achieve maximum degradation of the substrates, facilitating larval assimilation of the released nutrients (Table 3 , Fig. 1 ). Increasing the pre-treatment time to 21 d resulted in lower BCR %VS , possibly because the microorganisms themselves consumed the nutrient required by the BSFL.
Efficiency of BSFL composting with chemically pre-treated substrates
The BSFL grown on nitrogen-enriched dessert peel were larger and BCR %VS was higher than found for non-pre-treated dessert peel (Table 4 ). This could be due to the overall higher nitrogen level and lower carbon to nitrogen (C/N) ratio, which may improve BSFL conversion efficiency (Rehman et al., 2017b) . However, it has been demonstrated that low C/N ratio is not enough for good conversion of substrate into larval biomass, and that the larval feeding dose of protein and VS is important (Lalander et al., 2019) . The high final larvae weights and BCR %VS observed in the ammonia pretreatments suggest that the BSFL process may be able to convert non-protein nitrogen to protein (Tables 2 and 3 ). Ruminant animals are also known to convert non-protein nitrogen into protein, since fermentation bacteria in the rumen can synthesis amino acids from non-protein nitrogen (Andrade-Montemayor et al., 2009; Tadele and Negassie, 2015). 
Efficiency of BSFL composting with heat pre-treatments
Heating the banana peel seemed to increase the amounts of tannins, which could explain the lower BCR %VS ( 4% VS) and larvae with low final weight (Fig. 1) . Interestingly, similar findings in a herbivore study concluded that tannins, among other substances, are anti-nutritional parameters in food substrates that result in lower weight gain and lower efficiency of utilisation of dietary dry matter in herbivores (Butler, 1992) .
Efficiency of BSFL composting with microbial pre-treatment and chemical pre-treatment combined
The BSFL grew larger (231, 229, 187 mg larva À1 ) on dessert peel pre-treated with ammonia, followed by microbial pre-treatment. These combined pre-treatments also yielded a BCR %VS of 11% (NH3 0.8 %N + Bac 7d ) to 15% (NH3 0.8 %N + Rhiz 7d ), although NH3 0.8%N -+ Trich 7d gave a value of 6.1%. The good BSFL responses to this combined method can be attributed to a more adequate protein dose and to the pre-treatments degrading complex carbohydrates into forms more available to the BSFL (demonstrated by the VS consumption during the pre-treatments). 4.6. Efficiency of BSFL composting with heating pre-treatment and chemical pre-treatment combined
The non-pre-treated dessert peel yielded BSFL with smaller final larval weight compared to the combined heat + chemical pre-treatments with exception of Heat + Rhiz 7d . All the combined heat + chemical pre-treatments gave lower waste to biomass conversion ratio, except for Heat + Trich 7d (7.4% VS). The low BSFL responses in these treatments are likely to have been caused by the observed high amounts of tannins from the heating pretreatment. The higher BCR %VS for Heat + Trich 7d probably means that Trichoderma reesei was able to break the compounds present in the peel following heat pre-treatment into more readily available nutrients that aided its conversion into BSFL biomass. This suggests that effect of the substrate VS on BSFL efficiency depends on the composition of the VS under different pre-treatments, rather than the amount of VS in the substrate. Pre-treatments may then have the ability to transform the substrate VS into either Fig. 1 . Correlation between waste to biomass conversion ratio (BCR%VS) and (a) initial substrate VS (% of DM); (b) VS consumption during the pre-treatment (percent points); (c) predicted BCR values for Model 2.1, taking into account VS consumption during pre-treatment and substrate nitrogen content; and (d) predicted BCR values of Model 2.2, taking into account VS consumption during pre-treatment and the substrate content of nitrogen and soluble tannins. The points circled in red represent 14-day pretreatments, while those circled in blue represent 21-day pre-treatments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) more digestible products or products that still do not enhance substrate nutrient utilisation by the BSFL.
Feasibility of using these pre-treatments on BSF treatment of banana peel waste
Pre-treatment increases waste to biomass conversion ratio, but also requires additional infrastructure and a longer retention time, of more than 7 d. The value of the increased productivity needs to be weighed against the additional operating and investment costs, especially for an industrial set-up. Operationally, to optimise pretreatment solutions larger batches should be treated for cost efficiency, but BSFL treatment requires thin layers of substrate. Shorter pre-treatment may be the most economically viable option, even though it does not yield the highest output. Further process optimisation studies are required to find the best combination of pre-treatment and full process design.
Conclusions
Most pre-treatments of banana peel improved the waste to biomass conversion ratio compared with peel that was not pretreated. The exception was heat pre-treatment and combined heat and microbial pre-treatment. Factors affecting BSFL composting were the efficiency of fungi/bacteria pre-treatment and the compounds present in the substrate after pre-treatment, such as total nitrogen, tannins and total phenolic compounds. Pre-treated substrates with high amounts of tannins and total phenolic compounds produced small, low-weight larvae and resulted in low biomass conversion ratio. Chemical pre-treatment with nonprotein nitrogen produced largest final larvae weight and high biomass conversion ratios. Applying a pre-treatment such as those evaluated in this study could thus enable BSFL composting of currently unsuitable nutrient-imbalanced and fibrous wastes.
